THE MUILNCULAR BASIS OF GENEIICS
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I s suge that post mental dissese is chamical in origing, wd Vet
the shumisal almormalitise that are Lwolwed are nsuslly the resalt of
shnormalities in tis gnetic constitution of the imdividual. I think
thed 1t Le prodadle that mestal 1llness often Tesults fyem o guentitetive
bosheniosl alnormality = the preemse in the imiividal of molecules of
immummmumm
Javger then normal or stasvhat mwller than ncrwal. Preswmsbly, the
sumfactare or the retention of he smbetance in too large ancunt e teo
moall eneunt 1s often the result of the geowtic constitution of the ine
dividual, slthough in some cases it may be adtriduted to his enviromwet «
for sumgpls, %o the mture of the fuod thut e eats. On the other hand,
matel dafictency seems to bs often the result of & gualitgqtive abtncrwalityr
the pressnos in the petlsnt of molesules that differ in thelr styucture
Syam thoss that are paessnt in & normal lsmen badnge The mmmlasture of
shoornel uslectles of this sort is determined by the genetis econstitution
of thw petients tle disense 1s inkerited. A dissase of this sort, omused
ty molssules of elmormal styustuze present in the patient in placs of tw
mleonles of normal strusture that are present in norwel Inman beings, is
oalled a molecwlar disesse.

The expression molecular disease is here used in a special vay. All
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Janan deings are wade up of molssulaes, axd in & sense one wight sy that
all dissases imvelve Abase melecules, and perheps also the molesules that
mke wp dasteria and viruees, and that amsordingly all diseasss are noleo-
ular dssases. The restrietion of the expressien molsculay disesse to
dissases that are dm to almormal malesules, differing somswlat in steue-
ture frem relsted nelsenles that are prosent in norwal mmen beings, ssems
‘o a0 to be o useftul eame.

Siaklewnell spemis wae the first disenss %0 b shown %0 be a meleculsr
disense,l In this disease the red cslls of the blood are taisted out of
shaps, vhen they are in the venous cirsulation -~ they regain their norwal
shape in the arteries, The twisted red cells beoums sticky, they clump
together, andi semstines interfere with the flov of blood to some parts of
the body and canes desage by snoxdaj they are also repidly removed fyem the
cirevlation, canging the patient %0 bescws anemics The dissase seems 10 be
& disemse of the red ssll, a cellular dissase} hovever, it was foumd thet
in fast the lameglobin walesules mamifactured Yy the patient ave almorwal,
differing signifieantly in their stevoture and propertiss fyem the hamo~
Sobin nolesules mumfastured by nemel individuals, and it is alesr that
the digeans 13 & dissase of the hemoglobin moleeuls.

Although ths sanplete molassular styveture of sieklewetll-anemis heme-
globdn is not knowm, ner, in fast, tiw struoture of sovwal hemeglobin or
any other predeia, the way ia vhish e sclesular slmowmality osuses tie
menifesiations of the dissase siskls-gell anemia i3 clesrly wnderstoci. The
nalegules of the siskle-call-emwnia hemoglobin have sush a stwweture that they
clamp o to oo antiwy sasily, Y% form long rods, vhish line up alde Lty side
%0 produce a liquid arystal of the mamatie type. As this liquid eyystal
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grovs inside of Aw red esll, it Decemws longer than the dimmeter of the
oall, and 1o its combimmd growth it twiste the eell eut of shaps.

There is streng evidases that the samdination of the meleenles of
staklewonll-anmtia hemoglobin with ene another is cenised by a detailed
omplumentariness in strusture of one part of the molesule and ancther
pat of the molesuls, sc that the week intermolecilar foress that operate
betuesa protein molesulss in general are shls to collaborate when the mure
fase vegion of ene nolesuls ommes into juxtapesition with the complementary
wriase region of s seeend moleenls; forming a bend that holde the molesules
tightly together. This somplementarizsse in structure is destroyed vhen the
hameglobin molesule sambines with exygen, snd asoordingly the process of
sickling of the eslls is reversed vhen ths blocd is axygemated.

One of the properties in vhish siskle~esll-anmmia hemeglobin Aiffers
fren noroal adult mmen hemoglobin is the electris charget moleculss of
the two kisds of hemeglobin differ frem ons ancther by abeut three elestremic
sharges. Ths way in whish sickle~callesnsmia hemoglobin was recognised as
& substance with different molesular strusture from ncrmal adult humen heme-
globin vas the nsammenent of the mobility of the two hemoglobins in an
alestris fisld, weing the Timslius electrophoresis apparatus. The gemetie
origin of the melesular almormality was olearly indiceted when the hemew
globin fyem the parenis of s siekle-oallesnesis patisnt vas stidied. The
hemeglobin of essh parent wes found to oonsist of a mixtwre of sappreximately
opial smounts of the two kinds of hemeglobdn. Ascomdingly, the parents were
1dentified as heterogygotes, oontaining two allelomorphic genes at seme
levael in a pair of olrorosmmes. One of thess genes mmumfactures normal
adult hmmn hemoglobin, and the other one mumfastures sickle-osll-anemis
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hasaglobine. The pavents are in good health, eo far as the anemia is con-
osrned « the dilwkise of the shuowmal hemoglobin by the noaymal hameglobin
provents the siskling process from ceowrving in the heteveaygetes, smespt
under umsual condiSions, as at wery high altitudes, vhere the partial
pressure of cxygen is low. Vhem two of the heteromygotes, the earriers of
the siekiewsell-anenia gems; marry, coo~quarter of their shildren sy be
expostad %0 havs the disesse siskle~esll anemia, one-quarter %0 be normal,
and coe~dalf te be earrisrs, like the paveats.

The question of the eontimued high inoidenes of the siskle-esll-anenis
gone, despite its vontimued loss Decsuse of the lethal charmeter of the
homowygous conditien, has besn raissd by Neel,? wbo suggested three alterw
native uxplanations: (1) eontisued profustien of the siskle~oell-aneuis
allels thyeugh sutation) (2) the existence of an abmorwel gemetic wechanisn
that favers the heterouygens eendition over the mommal conditiom; (3) o
positive selection of the heteresygotes,; perhaps tlwough insressed fertility.
The first explanstion wust be rejected becsnse the rete of mutation thet
would b required is far greater than azy that bhas ever besn chbserved for
sy organimm. Theve now existe evidenve indicating that the third slter-
uuummmwumtmumm. s
was firet suggested iy Brain’ that the mature of the red calls in the
sdoklevselleanamia esrrisrs night give protestion ageinst malaria pavesites,
snd thus oonfer an advantage that would balanee the disstventage of the
lethal homomygosity. A test of the hypothesis was esrried out by Allisen,*
vho infected fifteen bhealthy sdult Africans with sieklewcell~anemis
heteronygoaity and fiftesn similar deeltdy adult Africens with normal
hemoglobin with Plaseodime faleiperwp %y swbincowlation with 15 ml. of
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hlood centaining a large number of tropheseites or by allowing them to bs
mw&mwmmhlummn,mmwmm
of spovosoites was confirmed by disseetion of the memquitoss. The infeo-
tion was sstablished in fourteen out of the fifteen Africans without the
slekle~oell-anmmia heteresygosity, and in only twe of the fiftesn nermal
Afrisans. It vas ccnsluded dy Allisen that the almowmal erythroeytes of
the heterosygous individuals are less sasily paresitised by P, faleiperwm
than are nermal erythrosytes, and that assordingly those individuals vhe
are haterouygous fer ths siskle-oell-anmmisz allels have a sslective
sdvantage over narmal individuals in regions viers malaria is lyperesdenis.

It 18, of evures, not unreascnskle that the almormal hemogleobin
might be less offective than noewml hemoglobin in nourishing the peresitess
noreover, it is inown that the paresitised erytloocyts user up oxygen 100
tizes as fast as & domal erythrogyte, and it might be expected, as
suggested Ly Allison, that the de-oxmygenated erytlhirooyte would sickle, and
tins ayush the paresite. Ascordingly, we have u molecular meehanism not
only for the dissase sisklesssll-anenia, but alsoe for the pretection that
the hetevonygous soadition prevides againet malarisl infection,

Since the dissovery was made of the first stnormal hemoglebin, about
tan nore have besn dissovered,; and about a dossa diseases, kimls of
heveditary hemolytic enemia, have besn vesognised as caxised hy thess abe
sorwal hemoglobins. ,

I think thet it is likely that meny kinds of mental retardation ore
mleoulsr diseanes, saused by the gensseontralled mamfacture Yy the
patient of abmoreal melesules in plass of normal omes that ave memfactured
by novwal individualse There is strong indication that phanylpyruvie
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sligoplrenia is a molesular dissase, or perhaps & complex of molesular
dissases. The ipwestigations of P8lling, Jervis, and others have showm
slearly that phenylpywuvis aligephrenia is the result of a homosygous
gwnetic adnormality that affects an snwyms that norwally catalyses the
axidation of the smino ssid phenylalanine to tyrveins. 7The patisnts
vith phenylpyruvie cligophrenia ave not shle to sarry ot this oxide-
tion effestivelys they do not mamufasture an effestiwe sngyms to catalyse
the reastion. We may infer that ths patient has inherited fyom sesh of
his parents an atnorsal gens, vwhish lsads to the nazmfactuive of an alnorwal
molesule in plaoe of the normel snmymee The alternstive is that thers is s
tlock in the proesss of synthesis of the snmyme, so that nothing at sll is
mamufactured = 1% may not be important to differentiate between the failure
to mamfacture the enwyme and the ability to manufacture sn abnormal
molesule that is not able to perform the eatalytic function of tiw snsyme.
1. Le Feuling, ife Ae Itano, S Jo Singer, and I. C. Wells. Sicklecell
Ansuis, a Meleoular Dissase. Sciense L]0, 543 (1949).
2. Je Ve Neel, The Fopulatien Geneties of Two Inherited Eleod Dysereasias
in Msne Cold 3pring Rerber Symposis, Guamt. Biol. 15, 141 (3951).
3. P, Brain, Sickle~Cell Anenis in Africs. Erit. Hed. J. 4§, 880 (1952).
4e Ae Cy Alligon. Proteotion Afforded by Siekle-Cell Trait Ageinst
Sultertiar Mularial Infection. DBrit. Meds J. §, 29 (1954).

The first step in solving a problem is to wunderstand it. The discovery
of the abnormal hemogloding has provided us with a far desper understanding
of the hereditary hemolytis snemias than existed before. In the same way,
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wash ey be doow in imcreasing our understending of phewylpyruvis olige-
phrenia. It mey be found thel there ave many different allelemerphic
gess that ean oomtritaie to the preduetion of the disssse; that is, that
these geuan, Iin homesygous state or doudls hetercwygous state, meay produss
any ons of a large maber of somswial diffeyent o-mditions thet ave now
grouped together,; and theat some of the patisnts, who mesmfasture abnormal
angyms nalescles that retain s oertain smeunt of ostalytic astivity, mey
be susosptille to treatment, A test that would distinguish the carriers
of phenylpyruvie oligophrenia would be ussful; it pertieular, the siblings
of a phanylpyruvis aligophrenis patisnt aould lewrn whether or not he is a
sarrisr of tha geme, axd vhether or not he should avoid marrying ancther
A fou momths agoy vhen I gawe the Rdesl B. Ford Lesture3, I menticned
that a soore of disenses hawe so far besn recognised as ensyme dissases,
Mmmmmmam%«umx
the astive susyme molesules, and timt 1t seems to me to De not unlikely
that there are thousands of sush dissases. 1 oomtimued by saying that I
feressa the day when many of these diseases will be trested by the use of
artificlial ensymes. when ocur vnderstanding of snayms astivity descows
great shough « and this will require that a deternination be mede of the
dotalled arrangemect of the thoussnds of stams thet make up one of tle
nolesules of the enmymwe = 1t will be possible to synthesise a satalyst for
the exidation of pherglalanine to tyrosine. A mall smomt of this cstalyst
say then be attashed to a retisular fremevori: inside of & small opsneended
polythens tube, whisch csnn be permanerily placed in an srtery of & now=bern
thild wvho has been shown by the prwesnce of phenylpyruvie asid in the urine



to have inherited phenylpyruvie eligopireniaj threugh the astion of the
oatalyst the child should then develop in & norsal ways. This idea ssems
faxtasties nowy dut the verld of 1955 is a fantastio world from the viewpoint
of 1905, and I hawe littls doubt that wy predistion about the world of 2005
will turn out Aot to be a Dold ene, tat rether a timid and unimaginative ome.
These hereditary dlssases involvs the genes ~ abnormal genes, abnormal
nolestles that we can nov safely identify as melesules of deoxyribossamclsie
aoid, Reoent afvances in lnowledge about the strustaurs of decayribossmueleis
seid have provided the besis for ecufident spesulation abot the molsculsr
nature of the processes of heredity. JFor fiftesn years thers has existed
strong support for the belief that biclogiecal specifisity in generel imvolves
a detailed complementeriness in styueture of imteresting moleeules,® and the
proposal vas nade ten ysars age’ that the mechanims of self-dupiication of
the gene 18 a two-stage meghanism involving the use of « moleoule A as the
template for the mynthesis of a complementery molesule A™%, and then the
use of A"l ap the template for the mexufasture of & molegule complementary.
to it and idemtieal with A. Vatsen and Criek® then made an extrsordinarily
attrastive and stimulsting rroposal about the strusture of deoxyribossmuclsie
scid. They showed that the m~ray diffrection pattern given by fibers of de-
agyribossausleis ssid is compatidle vwith a proposed structure involving two
deoxyribosenuslelec aoid chains, coiled about one another to form a double
belix. In each chain there are residuss of eme of the four nitrogen bases
adenine, tiymine, guanine, wii aytosine st positions every 3.3 4 along the
axis of the double halix, The structure is of sush a nature that st saeh
level the nitrogen bases of the two residues oonbine with one enother
through the formation cf hydrogen bondse The stable Hydrogen~bonded styue-
tures that ean be fomed are only four in number? they invelve laving ome
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or another of the four pairs sdenine-tiymine, thymine-adenine, guenine
sytosine, or cytosinewguanine at eash levels The nature of the hydrogen
bonds forwed by there pairs is shown in Figures 1 and 2 (these Zigures are
from a paper by Paling and Corey?s they differ frem the proposal by Watsen
and Criek in showing three hydregan bands betusen guanine and aytesine,
rutber than only two). Acscrdingly the distribution of the four nitrogen
bases along cue pelymusleotide ehain is sumpletely detemined by that
along the ether: Aif sdenine cecurs st a given level in one chain, thymine
must oceeur in the ether, and so cne The melecular meshanims of inheritance
proposed Uy Watson and Criek is seecedingly that the double belix is un-
tilsted, and emsh of the palymuclectide chains, A snd A%, then serves as
the template for ths mumfecture of its complemsnt, A"l and A, respectively.
Although there ave many detalls that need to be worked out, and some
signifisent cheanges in this picture msy well hawe to be made, there is

no doubt, in my opinion, that Watsen and Crieck have mads a sontyidution of
great importanse, and that we are nov ready to attempt to formulate e
completely detailed mulesular meshanism of heredity, and to verk cut a
thorough understanding of dissase in terms of molecules. I em confident
that, in partiewlayr, there will be repié progress in the fleld of mental
retavdation and mental illness, during the eoming desads.

5, Le Pauling, The Puture of Engyme Ressareh, Hemry Ford Nospital Medisal
Bulletin, 4y 1 (1956).

6s L. Peuling, A Theory of the Styucture and irocess of Formatiom of
Antibodies, J. Am. Chem, Sce. 62, 2643 (1540).
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8¢ Je Do Wateson ad Fo He Co Crick, Holseular Structure of Nueleic Aeide:
4 Structure for Deexyribosermeleie Aedd. Nature, 171, 737 (1953).
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Legend for Figures

Fig. 1+ Diagram showing complementariness in structure of thymine and
adenine, which form two hydrogen bonds with one another.

Fig. 2. Diagram showing complementariness in strueture of cytosine
and guanine, forming three hydrogen bonds.



